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Foreword
Modeling and simulation methods have permanently taken their place alongside the more traditional methods of theory and experiment in science and engineering, a fact that is now acknowledged by the National Science Foundation. This collection is a welcome addition to the growing body of literature that addresses methodological questions about these important techniques. A focus on methodological issues is required because many tenets developed for theoretical and experimental work are inapplicable to, or inappropriate for, simulations. For example, one of the issues that is addressed in this volume is the demand that simulation results be reproducible. What 'reproducibility' means is not at all straightforward in the case of simulations. Merely rerunning the simulation is largely pointless unless fraud is suspected. Sometimes, using a different language and operating system can be informative, not the least because when doing so, different coding techniques can be use to reach the same result. But in order to ensure that the results are appropriately robust, inventing a different and methodologically independent way of simulating the same kind of system would seem to be appropriate, just as using a different experimental technique to confirm the existence of a phenomenon or to estimate the value of a parameter in the experimental realm is desirable. This provides a kind of consilience that is grounded in different evidential sources but it requires a careful analysis of what counts as a different way of simulating the same system. There are distinctive differences between the goals and methods that dominate the philosophy of science literature and the goals and methods that are appropriate to the kinds of projects, broadly construed, considered here. In addition to the usual scientific and engineering applications, there are commercial simulations that we increasingly encounter in the everyday world and that are as much a result of applied science as are any traditional scientific uses. Many simulation projects are inescapably multi-disciplinary in form and this requires the creation of a third methodological domain. The first domain is concerned with general scientific issues, such as testability and explanatory power; the second domain addresses "Methods of X" for some specific area X such as turbulent flow; and the third step must be the philosophy and methodology of multi-disciplinary activities of which modeling and simulation are central. The intelligent use of modeling and simulation science requires not just an appraisal of how well a chosen method works within a given model, but strategies for choosing the appropriate modeling techniques to attack a given problem. Although there are well-established optimization, Bayesian, numerical, and other methods available for use across different modeling subject matters, the appropriateness and scope of non-formal methods is still a matter of controversy. Should false but simple models or complex and accurate models be used? Bottom-up agent based models with emergent properties or top-down continuous models motivated by successes in another discipline? Is capturing qualitative features alone informative for this project or do we need to provide estimates of quantitative parameters? At what coarse-grained level should the system be modeled? While the answers to many such questions are undoubtedly subject-matter specific, answers that aim at some degree of generality can be found in many of the articles in this collection.
One of the key issues addressed in a number of these articles is the role played by methodological and representational ontologies. Computer science and allied disciplines use a different concept of ontology that does philosophy. In the former, the focus is on classification schemes whereas in the latter the goal is to identify what the representational schemes are representing. As the division between the virtual world and the material world becomes increasingly blurred, the separation between these two concepts of ontology decreases. Many models and the simulations that are based on them have a high degree of autonomy and one of the primary tasks is to find a vocabulary that will best serve the purposes of the modelers. However, as long as machine/human interfaces are required, the quest for a common vocabulary that is accessible both to humans and to computers must have a high priority for any intelligently designed model. There is an odd and problematical symmetry to choosing such representations. It is well known that any given theoretical representation is compatible with multiple philosophical ontologies. Yet the same object can be accessed by means of multiple different descriptions and if the simulation ontology is approached through an extensional classification, as it is in many standard programming languages, the space of computational ontologies becomes enormous, especially when it is no longer tightly constrained by a philosophical ontology. Yet this flexibility is one of the critical advantages of computer simulation models and the virtual worlds they represent. To take just one example, exploring the effects of an attack on warfighters by a fictional enemy using tactics which have not yet been employed in battle provides knowledge that it is practically impossible to gain in other ways. In this example, agent based modeling is the obvious choice, but the other three questions floated earlier all require answers to arrive at an effective modeling exercise.
The editor and contributors are to be congratulated on having assembled an informative and diverse set of approaches to these issues. Readers with a wide variety of interests will find much of value here, and the range of perspectives from the technical to the post-modern is unusual. Intellectual engagement with these ideas cannot help but advance intelligent modeling and simulation applications.
Paul Humphreys University of Virginia
Ontology, Epistemology, and Teleology of Modeling and Simulation Philosophical Foundations for Intelligent M&S Applications
Editor: Andreas Tolk
Chapter 1 Andreas Tolk Truth, Trust, and Turing -Constraints for Modeling and Simulation
This chapter has been written as the introduction to the book "Ontology, Epistemology, and Teleology of Modeling and Simulation -Philosophical Foundations for Intelligent M&S Applications." It covers the main ideas important for modeling and simulation regarding its philosophical, computational, and conceptual aspects. What exists, how we come to know, and what we do with the knowledge are the guiding questions when the key terms are evaluated in the light of positivism, rationalism, and constructivism. Implications for a canon of research are described, and the constraints for modeling and simulation regarding truth, trust, and computability are derived. A short summary of the chapter contributions in the light of these ideas ends the chapter.
Chapter 2 Chris Partridge, Andy Mitchell, and Sergio de Cesare
Guidelines for Developing Ontological Architectures in Modeling and Simulation
This book is motivated by the belief that "a better understanding of ontology, epistemology, and teleology" is essential for enabling Modeling and Simulation (M&S) systems to reach the next level of 'intelligence'. This chapter focuses on one broad category of M&S systems where the connection is more concrete; ones where building an ontology -and, we shall suggest, an epistemology -as an integrated part of their design will enable them to reach the next level of 'intelligence'.
Within the M&S community, this use of ontology is at an early stage; so there is not yet a clear picture of what this will look like. In particular, there is little or no guidance on the kind of ontological architecture that is needed to bring the expected benefits.
This chapter aims to provide guidance by outlining some major concerns that shape the ontology and the options for resolving them. The hope is that paying attention to these concerns during design will lead to a better quality architecture, and so enable more 'intelligent' systems. It is also hoped that understanding these concerns will lead to a better understanding of the role of ontology in M&S.
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Chapter 3 Marko Hofmann Ontologies in Modeling and Simulation: An Epistemological Perspective
Ontologies are formal specifications of concepts. They represent entities of a specific knowledge domain and the relationships that can hold between the entities. Ontologies are formal descriptions of the so called "body of knowledge" that composes a domain. Regardless of being implicitly or explicitly applied during the modeling, ontologies set the relation between formal signs used in computer simulations and "meaning" as a notion of human minds. Unfortunately, the essence of this relation is disputed, especially in modern epistemology, which deals with the "nature of knowledge" and the methods and limitations of gaining knowledge. Therefore, the chapter introduces first the debate which epistemological view is most appropriate for modeling and simulation. On the basis of this introduction ontologies are scrutinized with respect to their ability to capture knowledge. As a consequence of this analysis two main classes of ontologies for M&S are distinguished: Methodological and referential ontologies. Their values and limits are discussed in detail.
Chapter 4 Brian L. Heath and Ross A. Jackson Ontological Implications of Modeling and Simulation in Postmodernity
Models and simulations are immediately obfuscated by being what they are, abstract representations of reality. With reductionist parameters and defined algorithms, models and simulations obtain a definitiveness lacking in the reality they explain. Increased computational power has enabled the production of complex representations. This increased complexity makes understanding what is happening "behind the scenes" almost entirely unintelligible to consumers. At the same time, advancements in Animation enable practitioners to present the results at almost movie-like levels of production. This subtly transforms the ontological status of the results, making them appear as something one should view rather than something about which one should think. What happens when producers and consumers of models and simulations lose the self-certainty associated with their project? Such a situation calls into question the performative aspects of both groups' maneuvers. We situate the locus of this discussion around the notion of validity. Once considered essential, the quest for validity perhaps increasingly reveals a form of existential absurdity and, in a nihilistic twist of postmodern thought, the radical devaluation of one of the ideals of the philosophy of science.
Chapter 5 Paul Weirich Models as Partial Explanations
A model may contribute to a phenomenon's explanation, despite having false assumptions, by offering a partial explanation of the phenomenon. The false assumptions may restrict the operation of laws that explain the phenomenon to exhibit their effect in the model. The laws retain their explanatory power after lifting the restrictions, although the model does not then describe their operation, so that they incompletely explain the phenomenon in a natural system. The paper shows that this view accommodates diverse models, makes precise the analogical explanations many theorists attribute to models, maintains the objectivity of explanation, and guides construction of models.
Chapter 6 Klaus G. Troitzsch Theory Reconstruction of Several Versions of Modern Organization Theories
This chapter compares the technique of reconstructing theory under the 'nonstatement view' with the design and implementation of simulation models. For this purpose it uses several different versions of the famous 'garbage can' model, redefines this theoretical attempt in terms of the 'non-statement view' and compares it to simulation models of different authors who replicated the original 'garbage can' model and built on it to extend it.
Chapter 7 Andreas Pyka and Simon Deichsel Cutting Back Models and Simulations
Agent-based models (ABMs) range from purely theoretical exercises focussing on the patterns in the dynamics of interaction processes to modelling frameworks which are oriented closely at the replication of empirical cases. Advocates of the "Keep it descriptive, stupid!" (KIDS) approach openly recommend building models as empirically accurate as possible, they want to understand social processes from the bottom up.
This seems to be almost the direct opposite of Milton Friedman's famous and provocative methodological credo "the more significant a theory, the more unrealistic the assumptions". Most methodologists and philosophers of science have harshly criticised Friedman's essay as inconsistent, wrong and misleading. By presenting arguments for a pragmatic reinterpretation of Friedman's essay, we will show why much of the philosophical criticism misses the point.
After that, we will use the developed arguments for contesting the claim that good simulations have to rely on descriptively accurate assumptions, which is, in a nutshell a plea for the "Keep it simple, stupid" (KISS) approach. This plea is followed by a more general plea for dropping the philosophical idea of scientific realism. We give arguments challenging the idea that economic models should be "realistic" in the sense that they (more or less directly) represent mechanisms of the way the world works. We try to show that good economic modelling does not depend on seeing models as representing an external reality at all.
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Chapter 8 Tuncer Ören and Levent Yilmaz Philosophical Aspects of Modeling and Simulation
To examine philosophical foundations of Modeling and Simulation, we present and clarify relations between reality, representations of reality, and simulation. The role experimentation and experience are delineated along with purposes of simulation, knowledge generation via simulated experimentation, and ethics. In relation to experimentation, the need for computational reproducibility and replicability are emphasized to improve credibility of simulation studies.
Chapter 9 Andrew Collins and D'An Knowles Ball Philosophical and Theoretic Underpinnings of Simulation Visualization Rhetoric and Their Practical Implications
Modeling and simulation has moved far beyond simple data representation into the world of visual communication over the past 15 years; ultimately, the acceptance of M&S within mainstream science and society will depend on the results that are produced visually. A simulation's function is of primary importance to its end result, but it cannot be denied that the discipline of M&S now prizes fancy graphics to communicate. Rhetorical methodological decisions have the greatest impact on the end user, and considerations that bring visual rhetoric to modeling and simulation should be examined as a necessity to application. This paper will expose the community to existing research on the rhetoric of visualization, demonstrate the importance of contemplating the philosophy of visualization, highlight and address current problems with simulation visualization, and bring visualization's inherent rhetoric to the forefront of consideration and utilization.
Chapter 10 Saikou Diallo, Jose Padilla, Ipek Bozkurt, and Andreas Tolk Modeling and Simulation as a Theory Building Paradigm
This chapter makes the case that theory can be captured as a model, which can be implemented as a simulation. This allows composing and recomposing theory components to process new theory out of existing theory. While current modeling and simulation applications focus on simulation as a computational activity that algorithmically produces output data based on valid input data, therefore providing information, the proposed approach utilizes the information and combines the application thereof, which provides knowledge. Relevant work is evaluated, but existing approaches neither us the conceptualization as the central component nor are they applied to ill-defined problems, thus the proposed approach is innovative and closes existing gaps. To show the feasibility and validity, theory is represented as axiomatic structures that can be executed under bounded conditions. As such, the chapter presents a methodological approach for building theory out of existing theory using modeling and simulation.
XIII
Chapter 11 Levent Yilmaz and Tuncer Ören Toward Replicability-Aware Modeling and Simulation: Changing the Conduct of M&S in the Information Age
The use of computational models in science end engineering is increasingly becoming pervasive. However, there is a growing credibility gap due to widespread, relaxed attitudes in communication of experiments, models, and validation of simulations used in computational research. Consequent disputes and article retractions due to unverified code and data suggest a pressing need for greater transparency. We introduce the e Portfolio concept, which is an ensemble documents that interweave the conceptual model, simulator design, experimental frames, and scientific workflow specifications. Strategies and potential mechanisms are delineated to enable authors, publishers, funding agencies, journals, and the broader scientific community to cooperate and establish a sustained model base, simulations, experiments, and documentation, so that scientists can build on each other's work and achievements.
Chapter 12 John Z. Elias Immersed in Immersion: Simulation as Technology and Theory of Mind
Cognitive theories involving the notion of simulation have developed hand in hand with the advancement and pervasiveness of simulation technologies. This intimate interrelation suggests the promise of implementing simulation technology in cognitive research, as well as in the facilitation and manipulation of cognitive and affective mechanisms for learning and training. I describe the general interdependence of forms of technology and theories of mind, the former often furnishing metaphors for the latter, and offer a brief historical sketch leading up to the recent emergence of the centrality of simulation. I follow with a critical evaluation of the role of simulation in current cognitive theories, and relate these critiques to philosophical concerns about the ontological, epistemological, and methodological status of modeling and simulation as a research tool. I end with some illustrative examples from cognitive research and therapy, and point towards potential future applications.
Chapter 13 Roger Smith On the Value of a Taxonomy in Modeling
Though modern science and business have created and adopted classification schemes, taxonomies, and operating rules that can be applied almost universally, the practice of building models and simulations remains unbounded by science. Like the arts, each practitioner has the freedom to create a model in any form that appears to offer a solution to a specific problem. A Periodic Table of modeling has not emerged. Practitioners do not rely on a framework of established, tested, and accepted modeling techniques to guide their work. Conversely, there are also no known poor methods for structuring a model which are not acceptable and which would bring censure from the professional community.
The unbounded nature of the current practice of modeling is supportive of an artistic approach to modeling that encourages creative freedom in imagining and building a unique new model. The environment is also convenient to modeling as a service in which a customer is allowed to direct the construction of a model in almost any direction that will address the problem, with few restrictions applied from known best practices. As expedient as these advantages are, they also allow inaccurate and inefficient approaches to be used without an objective or historic "model-of-modeling" as a reference. The current practice of modeling allows almost any approach while its measure of correctness is determined solely by the usefulness of the resulting product. This chapter is an attempt to begin the construction of a model-of-modeling which can serve as the Periodic Table for our profession.
Chapter 14 Kevin B. Korb, Nicholas Geard, and Alan Dorin
A Bayesian Approach to the Validation of Agent-Based Models
The rapid expansion of agent-based simulation modeling has left the theory of model validation behind its practice. Much of the literature emphasizes the use of empirical data for both calibrating and validating agent-based models. But a great deal of the practical effort in developing models goes into making sense of expert opinions about a modeling domain. Here we present a unifying view which incorporates both expert opinion and data in validating models, drawing upon Bayesian philosophy of science. We illustrate this in reference to a demographic model.
Chapter 15 Scott A. Douglass and Saurabh Mittal
A Framework for Modeling and Simulation of the Artificial
Artificial systems that generate contingency-based teleological behaviors in realtime are difficult to model. This chapter describes a modeling and simulation (M&S) framework designed specifically to reduce this difficulty. The described Knowledge-based Contingency-driven Generative Systems (KCGS) framework combines aspects of SES theory, DEVS-based general systems theory, net-centric heterogeneous simulation, knowledge engineering, cognitive modeling, and domain-specific language development using meta-modeling. The chapter outlines the theoretical and technical foundations of the KCGS framework as realized in the Cognitive Systems Specification Framework (CS2F), a subset of KCGS. Two executable models are described to illustrate how models of autonomous, goalpursuing cognitive systems can be modeled and simulated in the framework. The technical content and agent descriptions in the chapter illustrate how the M&S of the artificial depends critically on ontology, epistemology, and teleology in the KCGS framework.
Chapter 16 Claudia Szabo and Yong Meng Teo Semantic Validation of Emergent Properties in Component-based Simulation Models
Advances in composable modeling and simulation have facilitated the development and our understanding of more complex models. As a result, the representation, identification and validation of emergence is becoming of increasing importance because emergent properties can have a negative effect on the overall system behavior. Despite a plethora of definitions and methods, a practical approach to identify and validate emergent properties in newly composed simulation models remains a challenge. This chapter reviews current approaches and presents a new approach for identifying emergent properties in componentbased systems. Using a simple example of a flock of birds model, we compare and contrast three main approaches: grammar-based, variable-based and event-based. Lastly, building on our previous work on formal semantic validation of model behavior, we present a new objective-based approach for semantic validation of emergent properties in composable simulation.
Chapter 17 Wenguang Wang, Weiping Wang, Qun Li, and Feng Yang Ontological, Epistemological, and Teleological Perspectives on Service-Oriented Simulation Frameworks
This chapter investigates service-oriented simulation frameworks from the ontological, epistemological, and teleological perspectives. First, we give an overview of various specific frameworks that imply particular referential ontological, epistemological, and teleological perspectives for real world systems. Then we combine the partial considerations derived from the review into a unifying framework. It inspects the crossover between the disciplines of M&S, service-orientation, and software/systems engineering. From a methodological perspective, we show its ontological, epistemological, and teleological implications for abstract approaches. The unifying framework can, in turn, facilitate the classification, evaluation, selection, description, and prescription of the known or proposed frameworks. Thus, the referential and methodological perspectives build a systematical philosophical foundation of the service-oriented simulation paradigm.
Epilogue Andreas Tolk
Modeling and Simulation as a Humble Approach
This epilogue makes the case to see modeling and simulation as a humble approach, i.e., bringing experts from relevant disciplines together to address significant questions, such as the search for ultimate truth. The approach is driven by interdisciplinary research that remains sensitive to disciplinary nuances while looking for theoretical linkages and connections. Intelligent M&S applications are identified to have significant potential to make a contribution.
